Concentrations
INTRODUCTION
anti-fouling coating of the ship. However, the surface maxi-Two independent unfiltered samples were collected at each of the final data. site. Occasionally, additional samples were taken for filtration through 0.4/z Nucleopore filters, using a vacuum filtration appartus. The filter holder was rinsed with distilled water and a portion of the sample; the tiltrate was then collected directly in a clean sample bottle placed within the vacuum chamber. Tables 2-9 are for unfiltered samples. Within a few days of collection samples were acidified with 1 ml of double vycor-distilled 6N HCI, as were distilled water blanks as well. The distilled water blanks were of different known volumes so that blank contributions from the distilled water and the acid could be reIt was observed that the precision for replicate samples within a single batch was superior to precision for replicates between batches. This difference may arise from errors in the preparation of standards or from inexact matrix matching. To maintain precision within large data sets, two control samples with different concentrations were run within each batch. The data were then adjusted to be consistent with the mean values determined for these control samples. The standard additions precipitation recovery efficiencies were calculated after correction to the mean quality controls: Cu, 87 + 5%; Ni, 91 + 4%; Cd, 80 +_ 7%. On the basis of our independent determinations of the chemical recovery [Boyle and Edmond, 1975a ] these apparent recoveries may be UP to 10% low from a systematic unsolved. This process was carried out in a sheltered area, or derestimate of the mean for the control samples. These uncer- Two independent unfiltered samples (1 and 2) were collected at the same time as a larger sample to be filtered. Two samples (3 and 4) were successively filtered through the same filter into separate bottles.
Table la compares several filtered versus unfiltered samples; it is clear that filtration is not significant for Cu and Ni but may be significant for Cd. The results reported in
tainties do not affect the final data sets, and comparison of our data with other investigators (see below) confirms a lack of a systematic bias in excess of our stated precision. After adjustment in this way, the best one sigma precisions are estimated as Cu, 0.13 nmol/kg or 5%, whichever is greater; Ni, 0.18 or 5%; Cd, 0.01 or 10%. For the Oceanus 1978 and Gillis 1979 data, the Cd and Ni precisions are somewhat poorer; for Cd this is because of a higher reagent blank in the cobalt solution.
The poorer Cd precision in general is 'probably caused by incomplete salt removal and its effect on the flameless AA sensitivity; a second distilled water wash seems worthwhile if more precise Cd data were desired. At most stations two samples were analyzed and replicates run if the two samples disagreed. High points contradicted by low duplicate samples were discarded as contaminated; out of over 400 total analyses for each element, less than 5% were discarded in this fashion. No low points were excluded. In the data tables, average values have been given, although in some of the figures the individual analyses have been plotted to serve as a guide to the precision.
Temperature measurements were made with a bucket thermometer, and salinity was determined by using various con-Station* ductivity salinometers. Silicate, phosphate, and nitrate were 9130 determined by using standard methods [Strickland and Par- within about 100 kin. Our copper data averages about 0.5 Stationô 5 nmol?kg lower than that of . Comparison of our 9 data with Bruland [1980] is complicated by an obvious eddy 11 enriched in Cu, Ni, and Cd (our stations 11 and 17); excluding 17 those points our copper data is 0.3 nmol?kg higher than Bruland's data and the nickel data agrees exactly. Since the surface Cd data at this area is near our detection limit, we cannot compare these data; however, using Bruland's nitrate--phosphate and cadmium--phosphate regression equations we calculate 1.09 nmol?kg Cd at the nutrient maximum in the DeSteiguer 1979 profile; we observe 1.11, 1.12, and 1.11. In general, we believe that our data agree with that of Bruland [1980] within 20 of our stated precision.
The Thomas Washington 1976 data deserves some comment on the apparent 'spikiness' in all parameters observed in the western North Pacific. The hydrographic data, obtained by the Scripps GOG group, is of high. quality; the noise is real and results from the pervasive eddy structure of the western North Pacific [Kenyon, 1978] (Figure 3b ). Similar variability in the trace element data is likely to be a true representation of the western North Pacific.
Copper
In the copper data sets, several features stand out: (1) High surface values (2-4 nmol/kg) are observed in the Gulf of Pan- In the eastern Pacific, nickel shows a general correlation lean source similar to that for 21øpb is precluded by the lack of with the nutrients, being higher in the zone influenced by a central gyre copper maximum [Bruland, 1980] . (2) Upcoastal upwelling (Gulf of Panama and California current) welling of high-copper deep water as a source of high surface and the equatorial upwelling zone (within 2 ø of the equator). concentrations can be dismissed by two lines of evidence. AIThe lowest levels are about 2 nmol/kg (this work and Bruland though there are nutrient enrichments in the Gulf of Panama [1980] ) increasing to 3-3.5 nmol/kg in the California current. due to upwelling processes, a comparable degree of nutrient There is a strong correlation between nickel and surface tem-enrichment in surface waters at the equator is accompanied perature in this region (Figure 9a ). In the North Atlantic, the by no significant copper enhancement. Also, vertical profiles Groups of samples listed at the same position were taken at 5 min intervals while the ship was steaming at 2 kn. Note that Cd blanks were higher than in other data sets. Note that NO3-and Si data may be offset from the true value due to an overcompensated blank. High The general increase of copper proceeding from the tropical variance is consistent with Ni-P correlations reported for proocean into the cool eastern boundary currents could be due in file data. part to this coastal enrichment. But the magnitude of the inIn profile, nickel shows a dual covariance with phosphate crease and the general similarity of the increase to that of and silicate arising from common regeneration depths. As nickel and silicate in the eastern North Pacific suggests that the outcropping of cooler waters in the eastern boundary currents is probably sufficient to account for the increase. Ni --A + B(P) + C(S0, (Table 10) . Bruland [1980] confirmed and that the coefficients are not globally valid. For example, this dual covariance for the eastern North Pacific for three sta-in Table 9 and Figure 11 , previously unpublished GEOSECS tions between Monterrey and Hawaii (Table 10) there are significant differences between the distributions of cadmium, phosphate, and nitrate. Bruland [1980] showed that cadmium was 'exhausted' after nitrate but before phosphate resulting in a linear regression with a negative intercept: This behavior may be due to either (option 1) organisms preferentially removing cadmium relative to phosphate in the equatorial Pacific, or (option 2) the data reflecting the outcropping of upper thermocline isopycnals where phosphorus is regenerated more rapidly than cadmium. The surface data is insufficient to resolve these mechanisms. Option 1 is discussed later in this paper, and Collier [1981] presents evidence for the second possibility.
In Figure 12b the cadmium-phosphate relation for the North Pacific (Thomas Washington 1976) data also is different from that of Bruland [1980] . Although most points fall along a line with a slope of about 4 x 10 -4 Cd/P, the concentrations are all higher than in Bruland's data set so that the line would pass through the origin. Since these samples are unfiltered, we cannot distinguish between dissolved and particulate cadmium, and our interpretation must be somewhat equivocal. But since most of the high Cd and P points are from the complex eddy structure of the western North Pacific [Kenyon, 1978, Figure 3] , we propose that this Cd-P relation reflects the mixing of (1) outcropping nutrient-enriched thermocline water (that has not yet been affected by biological removal) and (2) low-nutrient gyre water.
These data prove that there are significant differences between the surface distributions of cadmium and phosphate. Determining the mechanisms producing these differences will contribute significantly to understanding of the biological uptake and recycling of trace metals.
MECHANISMS CONTROLLING THE TRACE ELEMENT CONCENTRATION OF SURFACE OCEAN WATERS
While many trace elements (Cu, Ni, Cd, Ba, Se, As, Cr) show clear evidence of involvement in the biological cycle of near-surface removal and regeneration at depth, the degree of depletion in the surface waters varies enormously between these elements. Table 11 gives the relative depletion factors for these elements in the North Pacific Ocean. By what mechanisms do these inter-element differences arise? A complete understanding will of course require information on mechanisms for biological uptake and the subsequent transformation into particulates that remove these elements from the mixed layer. However, these differences can be understood in a general sense through a basic parameterization. In its simplest form, the model assumes that primary producers (PP) remove the dissolved trace metals (X) by a fractionation factor a relative to dissolved phosphorus (P):
Grazers will then feed on this material and recycle a portion of the material back into solution and eliminate the rest of the material as fast-sinking fecal material (Fro) that will remove the elements from the mixed layer. This introduces a further fractionation (fi) between X and P:
Of course, a• will vary between populations and depend on environmental conditions. We choose phosphorus as the reference element since it is clear that trace element and phosphorus uptake continue long after nitrate is exhausted [Bruland, 1980 ]. This parameterization is in no way intended to imply a direct link between phosphorus and the trace element or to assign them to any particular common phase or site. at very low nutrient concentrations. In some cases (Cu, As) the variation in a/• with X/P may be necessary because of the potential toxicity problem, whereas for other elements the variation may be dependent on a biologically coincidental common uptake mechanism with a toxic element (i.e., if nickel uptake occurs by the same mechanism as copper uptake). Alternatively, organisms may fractionate the elements during uptake in order to maintain a biologically optimum chemical composition [Collier, 1981] This model also makes specific predictions about the approximate magnitude and qualitative trends that should be observed in the near-surface particle flux experiments that are becoming popular. None of this data is published, but the resuits from two deep (26?0 and 536? m) experiments have been published that can be compared to our estimated fractionation factors for nickel (copper cannot be considered because of the deep water scavenging observed for this element ). In the Sargasso Sea, where GEOSECS station 30 reports about 0.03 tunol/kg phosphate and for which we can estimate 2 nmol/kg nickel from this work, the particle flux data [Spencer et al., 1978] can be used to estimate an aft factor of 0.06 at Ni/P -50 x 10 -3. In the eastern equatorial Pacific, where phosphate is about 0.5 tunol/kg [Bishop et al., 1981] and nickel can be estimated as 3 nmol/kg, the trap data of Cobbler and Dymond [1980] implies a• = 5 at Ni/P --6 x 10 -3. The Sargasso Sea trap estimate is remarkably similar to the surface water based estimate, and while the eastern equatorial Pacific trap estimate is outside the calibration range of the surface water estimate, it clearly is consistent with the notion that nickel is more discriminated against in waters of high Ni/P. Further data on the elemental composition of fast-sinking particles should refine these estimates.
Since this model only applies to the removal of trace elements from the mixed layer, it implies nothing about covariances due to regeneration. Thus this model assigns a• values greater than 1 to both cadmium and zinc in nutrient-rich waters, even though their different regeneration depths make their oceanic distributions resemble phosphate and silicate, respectively. 
